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Abstract 
Ga doped nanostructured zinc oxide thin films (thickness, 160-170 nm) on pure silica glass 
substrate were prepared from zinc acetate based precursor solutions by varying Ga doping level (0 to 6%). 
The presence of nanocrystalline hexagonal ZnO was confirmed by X-ray diffraction study whereas the 
field emission scanning and transmission electron microscopic analyses evidenced the existence of quasi-
spherical ZnO with a decreased trend in crystallite/particle size vis-à-vis an enhancement of direct band 
gap energy of the films on increasing the doping level. Root means square (RMS) film surface roughness 
was determined by atomic force microscope and found maximum RMS roughness value in 1% doped film. 
Photoluminescence (PL) emission spectral study revealed the formation of various intrinsic/extrinsic 
defects along with the presence of characteristics band edge emission of ZnO at ~ 385 nm (UVPL). 
However, a lowest relative intensity of the UVPL emission was found in 1% doped film (G1ZO), 
indicating an appreciable decrease in the recombination rate of photogenerated charge carriers in the 
semiconductor. The photocatalytic activity of the films towards degradation of rhodamine 6G dye was 
performed under UV (254 nm) and obtained the maximum value of dye degradation rate constant 
(considering first order reaction kinetics) in 1% doped film (G1ZO). On increasing doping level, the trend 
in change of defect concentration (oxygen vacancies) as analyzed by Raman spectral study was found 
identical with the dye photodegradation activity of the films. The G1ZO film would expect to decompose 
micro-organisms even under exposure of visible light. 
 
Keywords: Nanostructured ZnO thin film; Sol-gel technique; Band gap energy; Raman spectra; 
Photoluminescence spectra; Oxygen deficiency; Photocatalyst; Organic dye. 
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Introduction 
With the growth of industries, the environment 
pollution becomes a serious problem globally. 
Nanostructured metal oxide semiconductor (MOS) 
[1] as photocatalyst would solve the problem 
economically and efficiently. The MOS could 
decompose organic pollutants like dyes, detergents, 
pesticides, volatile organic compounds under 
exposure of suitable light. ZnO is a wide band gap 
(3.3 eV) n-type MOS with large exciton binding 
energy (60 meV). It could be used as an electrical, 
optical and optoelectronic material. It is worthy to 
note that the doping of group IIIA elements (such as 
B, Al and Ga) in the periodic table, electrical 
conductivity of ZnO film could be improved without 
major sacrifice of optical transparency in the visible 
region [2]. This makes the thin film very useful in flat 
panel displays, photovoltaic, electrochromic and solar 
cells applications. In addition, ZnO is a non-toxic, 
biocompatible and inexpensive material [3]. Doping 
in ZnO by p or d block elements consequences 
substantial changes in their structural, optical, 
electrical and optoelectronic properties including 
photocatalytic activity of the material and the change 
of lattice parameters and defects (intrinsic/extrinsic) 
concentration in the crystal lattice could depend upon 
the nature and level of doping [4-9]. However, the 
doping level primarily depends on the crystal size 
and in this respect, the formation of several defects in 
ZnO has been recognized both theoretically and 
experimentally [10-12]. These defects could form 
individual energy level within the band gap of ZnO. 
It is also known that the efficiency of a photocatalyst 
could be improved by creating oxygen vacancies that 
could function as electron acceptors [13]. However, 
many defects could able to trap photogenerated 
charge carriers (electrons and holes) which could 
diminish the electron and hole recombination rate, 
the great parameter for enhancing the photocatalytic 
activity of a semiconductor. In addition, surface 
morphology and surface roughness [14] would play 
an important role for the improvement of the 
photocatalytic activity. In this respect, we reported 
previously, the influence of defect concentration on 
the photocatalytic activity of Al doped ZnO sol-gel 
based thin films by varying doping concentration 
[15]. It is known that sol-gel is a facile and cost 
effective technique where film crystallinity, 
morphology and optical properties depend upon 
several factors such as sol/solution chemistry, dopant 
content and nature, curing condition [16]. It is also 
true that the Ga doped ZnO thin films (GZO) has 
exceptional optical and electrical properties that 
would be due its low reactivity to oxygen and 
comparable ionic radius of Ga (III) (0.62 Å) to Zn 
(II) (0.72 Å) [17]. However, the effect of defect 
concentration particularly oxygen vacancies seemed 
not studied earlier especially in sol-gel based Ga 
doped ZnO thin films. Moreover, no report is yet 
found on the photocatalytic study of Ga doped zinc 
oxide films.  
Thus, the present work highlights an influence of Ga 
doping on structural, optical and photocatalytic 
properties of sol-gel based ZnO thin films deposited 
from the precursor solutions with varying Ga doping 
level. The thin films were characterized to examine 
their crystallinity, microstructure and morphology as 
well as their optical property and photocatalytic 
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activity. Finally, we correlated the properties to the 
photocatalytic activity of the thin films towards 
decomposition of an organic dye (rhodamine 6G).  
 Materials and methods   
Preparation of precursor solutions and thin 
films 
The entire chemicals were used without their further 
purifications. The precursor solutions for Ga doped 
zinc oxide thin films were prepared from zinc acetate 
dihydrate (Zn(CH3COO)2.2H2O, ZA, Sigma Aldrich, 
purity 98%) and gallium nitrate hydrate (Alfa Aesar, 
purity 99.9%) as the sources of Zn and Ga, 
respectively. The mixed solvent, iso-propanol (IP, for 
synthesis, Merck) and double distilled water (DDW; 
IP : DDW = 1.37 to 1.43, weight ratio) along with 
acetylacetone (acac, Merck, 98%; ZA : acac = 1 : 1, 
mol ratio) as solution stabilizer were used in the 
precursor. The content of Ga was varied from 0 to 6 
atomic percent (at.%) with respect to Zn. However, 
the total oxide content was kept fixed to 6 weight 
percent (wt.%) in all the solutions. It should be 
mentioned that the adherence of as-prepared 
solutions to the pure silica glass (Suprasil grade, 
Heraus, Germany, dimensions: 25 mm x 10 mm x 1 
mm) used for the thin films deposition was very poor. 
However, after ageing the solutions for ~7 days a 
good adherence to the cleaned substrate was 
observed. The solutions with the Ga contents 0, 1, 2, 
4 and 6% were designated as SG0ZO, SG1ZO, 
SG2ZO, SG4ZO and SG6ZO, respectively.  
In this work, pure silica glass (Suprasil grade, 
Heraus, Germany, dimensions: 25 mm x 10 mm x 1 
mm) was used for deposition of Ga doped ZnO 
(GZO) thin films. The GZO films were deposited 
using the aged precursor solutions on cleaned silica 
glass substrate by dip coating technique (Dip Master 
200, Chemat Technology Inc., USA) with a fixed 
withdrawal speed of 12 cm/min. However, to obtain 
the oxide films, the as-deposited samples were 
initially dried in an air oven at 60
o
C followed by 
thermal curing at 500
o
C for 1 h soaking time under 
air atmosphere in an electrical furnace. The final 
films derived from the aged precursor solutions, 
SG0ZO, SG1ZO, SG2ZO, SG4ZO and SG6ZO were 
designated as G0ZO, G1ZO, G2ZO, G4ZO and 
G6ZO, respectively. It is noted that the details of 
precursor solution preparation, cleaning of glass 
substrate and deposition of films had been discussed 
in our previous report [15].  
Characterizations 
The crystal phase and crystallite size of ZnO in the 
thin films were determined by employing an X-ray 
diffractometer (Rigaku Smart Lab) with CuKα 
radiation (1.5406Å) operating at 9 kW in the 
diffraction angle (2θ), 20 to 70o. The crystallite size 
of zinc oxide was calculated using Scherrer’s 
equation and the lattice parameters of ZnO crystal 
were calculated from the XRD patterns (discussed 
later). A ZEISS, SUPRATM 35VP field emission 
scanning electron microscope (FESEM) was used to 
analyze the film surface feature and clustered size of 
ZnO. Transmission electron microscope (TEM) 
measurement was performed by Tecnai G2 30ST 
(FEI) electron microscope operating at 300 kV from 
the scratched off film onto 300 mesh carbon coated 
cupper grid. The TEM/high resolution TEM 
(HRTEM) and TEM-energy dispersive spectroscopy 
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(TEM-EDS) studies were performed for analyses of 
particle size, crystal phase and tentative content of 
metals. Surface topography of the films was 
measured by using atomic force microscope (AFM; 
Easy Scan 2, Nanosurf AG, Switzerland) and the root 
mean square (RMS) surface roughness of films were 
calculated from the AFM surface topography by 
using a software (WSxM 5.0 Develop 7.0-Image 
Browser). In this measurement, the dimension along 
X and Y axes kept fixed for all the films. UV-Vis-
NIR spectrophotometer (Shimadzu UV-PC-3100; 
photometric accuracy: transmission ±0.3%, 
wavelength resolution, 0.10 nm) was used to measure 
UV-Vis absorption spectra of the films and the direct 
band gap energy (BGE) of the samples was 
determined from the respective film absorption 
spectrum and film physical thickness using Tauc’s 
equation. A FTIR instrument (Nicolet 5700, USA, 
wavenumber accuracy: 4 cm
-1
) was also used for 
measurement of substrate corrected FTIR vibrations 
of the films. To measure the photoluminescence 
property of the films, Perkin-Elmer (LS55) 
spectrofluorimeter was employed at room 
temperature. Substrate corrected Raman spectral 
measurements (micro Raman, Renishaw inVia 
Raman microscope) was done using argon-ion laser 
with an incident wavelength of 514 nm as the 
excitation source at room temperature.   
Photocatalytic activity (PA) of the films towards 
degradation of Rhodamine 6G (Rh-6G) was studied 
in a custom built stainless steel UV (wavelength, 254 
nm) curing chamber. The coated sample (total area, 
~3.5 cm
2
) was placed nearly 45
o
 angle with the wall 
of borosilicate glass beaker of 100 ml capacity 
containing aqueous solution of dye (10
-5
 M, Co) using 
double distilled water. Moreover, the visible 
photocatalytic activity of a particular film G1ZO was 
checked under the visible light (source Philips make 
tungsten bulb, 200 W) exposure using glass filter of 
420 nm cut off wavelength. In this respect, the 
detailed measurement procedure had been reported 
elsewhere [15]. In a certain time interval, ~4 ml dye 
solution was taken out and visible absorption 
spectrum of the solution was recorded to find out the 
remnant concentration (C) of the dye with the help of 
a calibration curve of the dye solution. The 
calibration curve [15,16] was constructed plotting 
dye concentration against absorbance (OD) at 527 nm 
peak wavelength of Rh-6G solutions obeying 
Lambert-Bayer’s law. The PA of the films was 
analyzed by plotting ln (Co/C) (dye concentration; Co, 
initial and C, remnant) versus irradiation time. The 
degradation rate constant (considering first order 
reaction kinetics) for each film was determined from 
the individual plot.  
Results and discussion 
Phase structure, crystallite size and lattice 
parameters   
X-ray diffraction (XRD) patterns of the films are 
shown in Figure 1a. The XRD patterns revealed that 
all the films are nano crystalline in nature and 
enriched with hexagonal ZnO [h-ZnO, JCPDS Card 
No. 36-1451]. Moreover, no gallium related crystal 
or compound was identified [18] from the films 
within the doping level but the XRD peaks were 
noticed to be broadened with increasing the doping 
content, indicating the decrease of crystallite size of 
ZnO. It is also seen that doping of Ga did not affect 
the basic crystal structure of ZnO. However, the 
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crystallite size of ZnO decreased with the doping 
level. The crystallite size was measured using 
Scherrer’s equation at 2θ angle corresponds to (101) 
plane of hexagonal ZnO [15,19]. The calculated 
crystallite size was found to decrease (Fig. 1b) from 
9.5 to 7.7 nm (±0.5 nm) with increasing Ga doping 
level from 0.5 to 6%, respectively. In this respect, it 
could be noted that the effect of Ga doping on the 
trend of change of crystallite size of h-ZnO was quite 
comparable with the Al doped ZnO thin films, 
reported previously [15]. It is known that the ionic 
size of Ga (III) (0.62Å) is slightly smaller than that of 
Zn(II) (0.74 Å) [18]. Therefore, a small amount of 
gallium could substitute Zn(II) site in ZnO crystal 
lattice [15,16,20] which would consequence a red 
shift of 2θ peak in the XRD patterns of the GZO 
films with respect to the undoped film (G0ZO). This 
could lead to a change in the lattice parameters (a and 
c) of the h-ZnO [15,16,21]. We calculated the lattice 
parameters (a and c) of wurtzite hexagonal ZnO from 
eqns. 1, 2 and 3 [22,23]. It is to be noted that the 
XRD peaks for the gallium doped thin films were 
found to be slightly red shifted up to 1% of Ga 
doping. This peak shifting would indicate a decrease 
in lattice parameters (inset, Fig. 1b) which could be 
due to substitution of Zn (II) by Ga(III) in the ZnO 
crystal lattice [21]. This result implied that above 1% 
of Ga doping, the further gallium would not be 
entered into the Zn(II) site of h-ZnO and it would 
remain as amorphous phase in the film matrix as no 
crystalline phase of gallium oxide was detected from 
the XRD patterns of the films cured at 500
o
C. The 
low content of Ga incorporation into the ZnO crystal 
would be due to self-purification of nanocrystals 
[10]. 
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Figure 1: (a) XRD patterns of undoped and Ga doped ZnO thin films. (b) Change of ZnO crystallite size with Ga 
doping content (inset shows the change in crystal lattice parameters, ‘a’ and ‘c’ of hexagonal ZnO as a function of 
dopant content). 
(a)
(b)
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Field emission scanning electron microscopy 
(FESEM) analysis  
The surface feature of ZnO thin films were revealed 
from FESEM images (Fig. 2). It is observed that 
irrespective of gallium doping levels, the shape of 
ZnO clusters remained in spherical shape. Generally, 
the presence of some anionic impurity like chloride 
(Cl
-
) would influence upon the unequal crystal 
growth along polar and non-polar surfaces of 
hexagonal ZnO, would result for the formation 
hierarchical structures of ZnO such as rods, flowers, 
petals [19,23] but no such anionic impurity was 
added in the precursor solutions. This could be a 
reason for the formation of only spherical shaped 
ZnO. The cluster size of ZnO calculated from the 
FESEM images with doping levels 0, 1, 2, 4 and 6 % 
were ~75, ~ 55, ~ 75, ~ 95 and ~ 110 nm, 
respectively. Hence, 1% Ga doped G1ZO film 
showed the lowest clustered size. 
 
 
Figure 2: FESEM images of undoped and Ga doped ZnO thin films derived from the solutions of different doping 
levels. 
 
Transmission electron microscopy (TEM) 
analysis  
TEM result of the films is shown in Figure 3. The 
particle size of ZnO was calculated from the TEM 
images (insets, Fig. 3). It is observed that the 
undoped film (G0ZO) showed quasi-spherical ZnO 
nano particles with average size ~24 nm whereas the 
particle size was found to be decreased (~21 nm) in 
G1ZO and G6ZO films. Hence, the trend in change 
of particle size as a function of gallium doping level 
supported the XRD result (Fig. 1). However, the 
clustered/particle size measured from FESEM/TEM 
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images was always higher than that of the crystallite 
size calculated from the XRD patterns. This might be 
considered due to agglomeration [24] and the 
agglomeration of particles was seemed to be reduced 
in the doped films. The EDS (insets (ii), Fig. 3a,c) 
curves of G0ZO and G6ZO show the presence of Zn, 
O, C and Cu elements. The source of Zn and O could 
be from the ZnO films whereas the C and Cu could 
originate from the carbon coated Cu grids used for 
the TEM measurement [16]. It is worthy to mention 
that the high resolution (HRTEM) image of the film 
also confirmed the presence of hexagonal ZnO (inset 
ii, Figure. 3b). In this respect, the TEM study 
strongly supported the XRD result of the films 
(Figure 1). 
 
 
Figure 3: TEM images (a), (b) and (c) of G0ZO, G1ZO and G6ZO, respectively. Insets (i) of (a), (b) and (c) show 
the histograms for particle size distributions of the respective films. TEM-EDS curves of G0ZO and G1ZO films are 
also displayed in the insets (ii) of (b) and (c), respectively. HRTEM image (inset (ii) of b) of G1ZO film shows the 
presence of distinct lattice fringes of hexagonal ZnO nanocrystals. 
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AFM surface topography and determination 
of root means square (RMS) surface 
roughness  
Fig. 4 shows the AFM images with RMS surface 
roughness of different films. The root mean square 
surface roughness (RMS) was measured from AFM 
surface topography with an identical X, Y 
dimensions. It is seen that G1ZO film shows highest 
RMS surface roughness. It is worthy to note that the 
trend in change of the roughness as a function of 
gallium doping content was similar to that of the 
change of the photocatalytic decomposition rate 
constant (discussed later). 
 
Figure 4: AFM surface topography of (a) G0ZO, (b) G1ZO, (c) G2ZO and (d) G6ZO thin films. 
Fourier transform infrared (FTIR) vibrations  
Fig. 5 shows substrate corrected FTIR spectra of the 
films. The FTIR spectra show several absorption 
peaks within 590-410 cm
-1
, would responsible due to 
hexagonal ZnO [25]. In this respect, the FTIR spectra 
supported the XRD (Fig. 1a) and TEM (Fig. 3) 
analyses. It is further noted that a distinct vibration at 
~640 cm
-1
 that started to appear in G2ZO film and 
became very strong in G6ZO film. This vibration 
could be assigned to the asymmetric stretching 
vibration of Ga-O bond [26]. Thus, it could be 
considered that the excess gallium would form an 
amorphous Ga-O network in ZnO grain boundary and 
would prevent the crystal growth of ZnO [15,27] in 
the higher doping level of Ga. 
 
Figure 5: Substrate corrected FTIR spectra of undoped and Ga doped ZnO thin films. 
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UV-Vis absorption spectra and direct band 
gap energy  
UV-Vis absorption spectra of the GZO films are 
displayed in Figure 6a. From the absorption spectra, 
it is seen that there is a broad absorption peak (A) in 
the UV region and the intensity of the UV peak is 
also differed in the absorption spectra of the films. 
Moreover, there is a slight peak shifting as observed 
from the absorption spectra. Anyhow, the UV 
absorption would be a characteristic of ZnO 
semiconductor, could originate due to electron 
transition from the highest occupied molecular orbital 
(HOMO) to lowest unoccupied molecular orbital 
(LUMO) [28] in ZnO molecule and the shifting of A 
would relate to the change in particle size of ZnO 
[7,15]. However, the change of intensity of the 
absorption peak would relate to the difference in film 
physical thickness.  
The shifting of UV absorption peak could clearly be 
understood from the determination of direct band gap 
energy (Eg) of the films. Therefore, we calculated the 
Eg of the films using Tauc’s equation [7,16]. It is 
known that the direct band gap energy (Eg) and the 
absorption co-efficient (α) are interrelated to each 
other for direct transition semiconductor like ZnO. 
The determination of direct band gap energy plots 
[(αhν)2 versus hν] of the films are shown in Figure 
6b,c,d,e. It is worthy to note that in each plot of the 
film there are two Eg values, one at 3.30 eV which 
remains approximately same for all the films but 
another Eg value is found to be increased with 
increasing Ga doping level. The first one could relate 
to the bulk band gap energy of ZnO whereas the 
second one could be due to the size effect of ZnO in 
the nano regime. It is seen that the calculated Eg 
values increased at up to 1% Ga doping and it 
remained approximately same on further increase of 
the doping content. This could be related to the size 
effect of nano ZnO [7,29] as evident from the XRD 
(Figure.1), FESEM (Figure. 2) and TEM (Figure. 3) 
analyses. 
 
Figure 6: (a) Shows the UV-Vis spectra of undoped and Ga doped films. Determination of direct band gap energy 
of the films: (a) GOZO, (b) G1ZO, (c) G4ZO and (d) G6ZO. 
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UV-Vis photoluminescence (PL) emission 
spectra     
The UV-Vis PL spectra (Fig. 7) of the films were 
measured by fixing the excitation wavelength at 340 
nm. The undoped ZnO film (G0ZO) showed PL 
emissions (inset, Fig. 7) at ~ 398 nm (prominent 
shoulder), ~ 425 nm, ~ 450 nm, ~ 485 nm and ~ 530 
nm. The emission peak appeared at 398 nm could be 
due to singly negatively charged oxygen vacancy 
[15]. Generally, five intrinsic defects (oxygen and 
zinc interstitial, oxygen and zinc vacancies and 
antisite oxygen) [11] could form within the band gap 
of ZnO which would able to generate PL emissions 
after excitation with photons. However, the formation 
of these defects was dependent on several factors 
including preparative methods [7,11,15] and doping 
[12]. In the present work, single ionized (singly 
positively charged) oxygen vacancy (Vo
+
) in the films 
was characterized from the appearance of PL 
emission within 450-460 nm [30]. The presence of 
zinc interstitial (Zni) [11] was also supported from 
the PL emission appeared at 425-430 nm. Moreover, 
neutral oxygen vacancy would be formed in the film 
because a prominent emission was observed at 530 
nm [31,32]. Also, the formation of antisite oxygen 
would support by the emission appeared at 485 nm 
and the combination of electrons between the antisite 
oxygen and the conduction band might be its origin. 
It should mention that the position of some other PL 
peaks observed in the visible region was noticed to 
slight shift in red/blue wavelength region. This peak 
shifting would relate with the change in concentration 
of the defect [33]. In case of G1ZO, G2ZO and 
G4ZO films, a UV emission peak appeared at ~380 
nm would be responsible for the radiative 
recombination (band edge emission) of the electrons 
in the conduction band with the holes in the valence 
band [9] of ZnO semiconductor. However, the UVPL 
peak was found to be red shifted in G6ZO. It is 
known that both the particle size of a semiconductor 
and its surface states would influence on the PL 
emission. Generally, with decreasing the particle size, 
the UVPL peak should shift to the shorter wavelength 
region. Therefore, the UVPL peak shifting in G6ZO 
film was not according to the particle size change as 
observed in XRD (Fig.1) and TEM (Fig. 3) results. 
Therefore, it would be related to the surface states of 
the ZnO [34]. However, except G0ZO film which 
possessed intrinsic defects including a singly 
negatively charged oxygen vacancy due to the 
appearance of prominent shoulder at ~ 398 nm, the 
relative intensity of the UV PL was found minimum 
in G1ZO film, implying that the recombination rate 
of photogenerated charge carriers (electron and hole) 
was lowest in this film. Perhaps, the factor that could 
responsible for inhibition of the photogenerated 
charge carrier recombination would result in the 
lowest UVPL intensity in G1ZO film. This would be 
due to formation of greater number of defects such as 
oxygen vacancies [15,16,35] in the film network. The 
matter was studied by Raman spectra (Fig. 8) for 
evaluation of relative defect concentration in GZO 
films. This defect could primarily act as electron/hole 
sink and would consequence a suppression of 
electron hole recombination [15,35]. Therefore, the 
PL spectral result, particularly for G1ZO film would 
be very much useful for enhancing the film 
photocatalytic activity towards decomposition of an 
organic dye (rhodamine 6G) under light irradiation 
(discussed later on). 
Research Article Kenkyu Journal of Nanotechnology & Nanoscience ISSN: 2455-183X 
Citation: Pal M, Bera S, Khan H and Jana S * (2015) Effect of Ga doping on Microstructural, Optical and Photocatalytic 
Properties of Nanostructured Zinc Oxide Thin Films 1:100109 
Volume 1, Issue 2 – KJNN-100109  Open Access Page 11 
Received: October 24, 2015; Accepted:  November 14, 2015; Published: November 16, 2015 
 
Raman spectral analysis  
ZnO is an n-type semiconductor as it inherently 
possesses natural oxygen vacancy [12]. The defect 
concentration could be controlled by incorporation of 
dopant such as Al into the ZnO crystal lattice [15]. In 
the periodic table of elements, gallium belongs to the 
same group (Group IIIA) of B and Al. Therefore, 
incorporation of gallium into the ZnO lattice site, 
there could be a change in concentration of the defect 
depending upon the Ga doping level. The equation 
for different optical phonon vibrations in the 
hexagonal wurtzite ZnO crystal at the Г -point could 
be expressed by an irreducible representation (eqn. 
4). 
Г = A1 +2B1 + E1 + 2E2   (4) 
In equation (4), both A1 and E1 modes are Raman and 
IR active whereas the E2 mode is only Raman active 
whereas B1 is known to be forbidden. Moreover, the 
E1 mode could split into transverse optical (TO) and  
longitudinal  optical (LO) components.  Raman 
spectra of G0ZO, G1ZO, G2ZO and G4ZO 
 
 
Figure 7:  Photoluminescence (PL) emission spectra (ex = 340 nm) of undoped and Ga doped films (inset shows 
the PL spectrum of B0ZO film). 
 
films are shown in Figure. 8a. In the undoped and 
doped films, three Raman peaks appeared at 329 cm-
1 [medium intensity, assigned to TO-TA(M)] [15] 
along with 437 and 582 cm
-1
. The Raman peak 
appeared at 437 cm
-1
 could indicate the characteristic 
Raman vibration of wurtzite hexagonal ZnO crystal 
in E2(high) mode [7,15] whereas the E1(LO) peak at 
582 cm
-1
 would relate to the defect (oxygen vacancy) 
[7] present in the nanostructured ZnO film. In this 
respect, the change of intensity ratio (R), E1(LO) / 
E2(high) could be an useful tool to determine the 
variation in defect concentration of hexagonal ZnO 
and the value R could show the relative defect 
concentration. We calculated R values of 0.985, 1.1, 
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1.25, 0.581 and 0.287 for the films G0ZO, G0.5ZO, 
G1ZO, G2ZO and G4ZO, respectively. The R values 
were plotted against the doping content (Fig. 8b). The 
plot shows that the G1ZO film possessed the 
maximum defect concentration (oxygen vacancy) 
within the experimental doping level. It is worthy to 
note that the trend of change in defect concentration 
with respect to Ga doping level was also found to be 
identical with the change of photocatalytic activity in 
terms of dye decomposition rate constant (Fig. 8b) of 
the films (discussed later) .
 
 
 
Figure 8: (a) Substrate corrected Raman spectra of undoped and Ga doped ZnO films; (b) Plots show the change of 
defect concentration of the films calculated from Raman spectral analysis (intensity ratio of Raman peaks, E1/E2) 
and the first order dye decomposition rate constant under UV exposure against Ga doping level. 
   
Photocatalytic activity  
Photodecomposition study (Figures. 9, 10) was 
performed on aqueous Rh-6G dye solution (10
-5
 M) 
in presence of the Ga doped ZnO thin films as 
photocatalysts under UV (λ, 254 nm). Moreover, the 
photocatalytic activity of G1ZO film which 
possessed highest defect concentration was checked 
under visible light irradiation. Under the UV light, 
the dye decomposition rate constant (considering the 
first order reaction kinetics), k (x10
-3
) values were 
0.74, 1.20, 1.60, 0.55, 0.33, and 0.12 min
-1
 for the 
films, G0ZO, G0.5ZO, G1ZO, G2ZO, G4ZO and 
G6ZO, respectively whereas the k value for the 
G1ZO film obtained under visible light was 1.08x10
-3
 
min
-1
. Thus, in the present work, the highest k value 
was found in 1% Ga doped zinc oxide (G1ZO) and 
the G6ZO film showed the lowest ‘k’ value under 
UV irradiation. 
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Figure 9: (a), (b) and (c) show the UV-Vis spectra of the dye (Rh-6G) at different time of UV (λ = 254 nm) 
irradiation using the photocatalysts, G0.5ZO, G1ZO and G2ZO, respectively. Insets show the determination of first 
order rate constant ‘k’ of the dye photodecomposition reaction. 
 
Correlation of different properties to 
photocatalytic activity of the films   
 Generally, the photocatalytic activity of metal oxide 
semiconductor film depends upon various parameters 
[15,16,19] such as particle size (inversely related to 
band gap energy) and surface area (inversely 
proportional to particle size), surface roughness, 
defect concentration etc. In the present work, the 
particle size of ZnO vis-a-vis the band gap energy of 
the films systematically decreased with increasing Ga 
doping content as confirmed from the XRD (Fig. 1) 
and TEM (Fig. 3) analyses. Therefore, the change of 
crystallite/particle size vis-a-vis the band gap value of 
the films was not the factors to explain the 
photocatalytic activity of the films. However, the 
defect concentration especially the presence of 
oxygen vacancies determined from the Raman 
spectral analysis (Fig. 8b) was found to be 
systematically increased up to 1% of Ga doping and 
then, it was decreased on further increase of the 
doping level. It is also important to mention that the 
trend in change of defect concentration was found to 
be similar with the change of k value of the 
photocatalyst film as a function of doping level. In 
this respect, several defects (such as oxygen 
vacancies, zinc interstitials etc.) were characterized 
from the photoluminescence (PL) spectral study (Fig. 
7) of the films. Moreover, the maximum RMS 
surface roughness value was found in G1ZO film. 
This could be an advantageous factor for the 
enhancement of PA. This is because more surface 
roughness would increase the number of available 
surface sites which could enhance the contact of dye 
molecule with the photocatalyst [14]. This would 
result an improvement of the photocatalytic activity 
[14] of the film. Therefore, the synergic effect of 
maximum relative defect concentration as well as the 
surface roughness parameters of G1ZO could play 
the roles in G1ZO film to enhance its photocatalytic 
activity without adding the individual contribution of 
the parameters i.e. the defect concentration and 
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surface roughness. In this respect, we had checked 
the PA of G1ZO under visible light exposure and 
found an appreciable value of k (1.08x10
-3
 min
-1
). 
Therefore, the defect concentration was found to be 
influenced greatly than the surface roughness with 
respect to the photocatalytic activity of the films. On 
the other hand, the presence of amorphous gallium 
oxide as revealed by the observation of a strong Ga-O 
FTIR vibration (Fig. 5) in the film would be a reason 
for the lowest value of k in G6ZO film because the 
amorphous Ga oxide would cover the active sites of 
nanocrystalline ZnO photocatalyst and would 
decrease the possibility of direct contact of the dye 
molecules with the photocatalyst surface as a result 
the PA would be reduced remarkably [15,27].    
 
 
Figure 10: (a) Plots of remnant dye concentration of Rh-6G dye at different time of UV exposure using the ZnO 
thin films as photocatalysts. (b) Shows the UV-Vis spectra of the dye (Rh-6G) at different time of visible light 
exposure using G1ZO film as photocatalyst (inset, determination of first order rate constant ‘k’ of the 
photodecomposition of Rh-6G). 
 
Conclusions 
In summary, Ga doped nanostructured zinc oxide thin 
films on pure silica glass substrate were prepared 
from zinc acetate based precursor solutions by 
varying Ga doping level (0 to 6%). The presence of 
quasi-spherical nanocrystalline hexagonal ZnO with a 
decreased trend in crystallite/particle size vis-à-vis an 
enhancement of direct band gap energy of the films 
found on increasing the doping level. Root means 
square (RMS) film surface roughness was found 
maximum in 1% doped film (G1ZO). 
Photoluminescence (PL) emission study revealed that 
the formation of various intrinsic/extrinsic defects 
along with the presence of characteristics band edge 
emission of ZnO at ~ 385 nm (UVPL) and a lowest 
relative intensity of the UVPL emission was found in 
1% doped film (G1ZO), indicating an appreciable 
decrease in the recombination rate of photogenerated 
charge carriers in the semiconductor. The 
photocatalytic activity (PA) of the films towards 
degradation of rhodamine 6G dye was performed 
under UV (254 nm) and obtained the maximum value 
of dye degradation first order reaction rate constant in 
1% doped film. On increasing doping level, the trend 
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in change of defect concentration (oxygen vacancies) 
as analyzed by Raman spectra was found identical 
with the dye photodegradation activity of the films. 
Thus, a synergic effect of the maximum RMS surface 
roughness and the maximum defect concentration in 
G1ZO film could be responsible for its highest PA. 
The G1ZO film would expect to decompose micro-
organisms even under exposure of visible light.      
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